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The microtubule-associated protein ris a family of six isoforms that
becomes abnormally hyperphosphorylated and accumulates in the
form of paired helical filaments (PHF) in the brains of patients with
Alzheimer's disease (AD) and patients with several other tauopa-
thies. Here, we show that the abnormally hyperphosphorylated
from AD brain cytosol (AD P-7) self-aggregates into PHF-like struc-
tures on incubation at pH 6.9 under reducing conditions at 35°C
during 90 min. In vitro dephosphorylation, but not deglycosylation,
of AD P-7 inhibits its self-association into PHF. Furthermore, hy-
perphosphorylation induces self-assembly of each of the six =
isoforms into tangles of PHF and straight filaments, and the
microtubule binding domains/repeats region in the absence of the
rest of the molecule can also self-assemble into PHF. Thus, it
appears that 7 self-assembles by association of the microtubule
binding domains/repeats and that the abnormal hyperphospho-
rylation promotes the self-assembly of 7 into tangles of PHF and
straight filaments by neutralizing the inhibitory basic charges of
the flanking regions.

Izheimer’s disease (AD) has polyetiology. In less than 5% of

the cases, the disease cosegregates almost completely with
one or more specific mutations in the amyloid precursor protein,
presenilin-1 or presenilin-2 genes (for review, see ref. 1), and in
over 95% of the cases, the exact cause is not yet known.
Independent of the etiology, AD is characterized histopatho-
logically by the presence of numerous neurons with neurofibril-
lary tangles of paired helical filaments (PHF) and straight
filaments (SF) and extracellular deposits of amyloid B as the
major component of senile (neuritic) plaques in the brain.
Although the exact nature of a direct relationship, if any,
between these two hallmark lesions of AD is presently not
understood, the presence of neurofibrillary degeneration ap-
pears to be required for the clinical expression of the disease, i.e.,
dementia (2, 3). Microtubule-associated protein 7, which is
primarily expressed in neurons, is abnormally hyperphosphory-
lated in AD brain and, in this altered form, is the major protein
subunit of PHF/SF (4-8). The neurofibrillary tangles are also
glycosylated (9), glycated (10), and have lipid peroxide adducts
(11). The abnormal hyperphosphorylation of 7 apparently pre-
cedes both its polymerization into filaments (12) and the oxi-
dative stress response (13). Furthermore, phosphorylated, but
not native, 7 protein assembles into ~2-nm and ~10-nm fila-
ments following reaction with the lipid peroxidation product,
4-hydroxy-2-nonenal (14). Neurofibrillary pathology similar to
that in AD is also a key histopathological brain lesion in several
other dementias, commonly referred to as tauopathies (for
review, see ref. 15). The recent discovery of the cosegregation of
specific mutations in the 7 gene with disease in inherited cases
of frontotemporal dementia with Parkinsonism linked to chro-
mosome 17 (FTDP-17) has confirmed that certain abnormalities
in the T protein can be a primary cause of neurodegeneration and
dementia in the affected individuals (16, 17).

Human brain 7 is a family of six proteins derived from a single
gene by alternative mRNA splicing (18, 19). The proteins differ
in whether they contain three (73L, 73S, or 73) or four (74L, 48,
or 74) tubulin binding domains (repeats, R) of 31 or 32 amino
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acids each near the C-terminal and two (73L, m4L), one (73S,
748S), or no (73, 74) inserts of 29 amino acids each in the
N-terminal portion of the molecule; the two amino-terminal
inserts, 1 and 2, are coded by exon 2 and exon 3, respectively. All
of the six 7isoforms are present in a hyperphosphorylated state
in PHF from AD brain (4-8, 20). The level of 7in AD brain is
~4-8-fold higher than in age-matched normal brains, and this
increase is in the form of abnormally hyperphosphorylated
protein (21). In AD brain, abnormally hyperphosphorylated 7 is
present both as cytosolic protein (6, 22) and as polymerized into
PHF (4, 5, 7, 8). Unlike normal 7, which contains two to three
phosphate groups, the cytosolic hyperphosphorylated 7 from AD
brain (AD P-7) contains 5 to 9 mol of phosphate per mol of the
protein (22).

In vitro assembly of Tinto SF and PHF-like structures has been
achieved under different conditions, such as urea treatment for
60 h, incubations with unsaturated free fatty acids, tRNA,
heparin or polyglutamic acid, employing a 7 fragment, T con-
centrations up to 12 mg/ml, and incubation times up to several
days (23-33). However, none of these conditions used for
assembly is consistent with the presence in PHF of all six 7
isoforms abnormally hyperphosphorylated as entire or nearly
entire protein molecules. Here, we show (i) that AD P-71 assem-
bles into tangles of PHF/SF filaments and that phosphorylation
is essential for its self-assembly, and (if) that upon hyperphos-
phorylation, each of the six Tisoforms readily self-assembles into
tangles of PHF/SF.

Materials and Methods

Isolation of Recombinant Human 7 Isoforms and Their Deletion Mu-
tants, AD P-7 and Brain Normal-7. The constructs encoding differ-
ent human brain 7 isoforms were subcloned, and recombinant
proteins were purified as described (34) except that the perchlo-
ric acid extraction was avoided. The phosphocellulose-purified 7
was further purified on a Sephacyl 300 column at 4°C.

Constructs of 7 fragments were generated, expressed in Esch-
erichia coli, and purified as described (35, 36). As judged by
SDS/PAGE, all six isoforms as well as the 7 fragments were
practically pure (see Fig. 2b). The purity of fragments Te6-301
and 7297-391 Was shown previously (36).

AD P-7and normal rwere purified from frozen human brains
(obtained within 6 h postmortem) as described previously (22).
Briefly, for AD P-7, a 27,000 to 200,000 X g pellet fraction from
AD cerebral cortex was extracted in 8 M urea, dialyzed first
against 50 mM Tris, pH 7.0, and then against three changes of
PCbuffer (25 mM Mes, pH 6.4, containing 0.5 mM MgCl,/1 mM
DTT/0.1 mM EDTA), followed by phosphocellulose column

Abbreviations: AD, Alzheimer’s disease; AD P-7, Alzheimer’s disease abnormally hyper-
phosphorylated 7; AP, alkaline phosphatase; NSEM, negative stain electron microscopy;
PHF, paired helical filaments; SF, straight filaments; AEBSF, 4-[2-aminoethylamino]-
benzenesulfonyl fluoride; GNA, Galanthus nivalas agglutinin; PNA, peanut agglutinin.
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chromatography. The presence of T was detected by Western
blots developed with Tau-1 antibody with or without previous
dephosphorylation with alkaline phosphatase (AP) of the pro-
teins on the membrane. The AD P-7 eluted at a salt concentra-
tion of ~0.2 M NaCl. The 7 peak was brought to 2 M NaCl
concentration by adding solid salt, and it was loaded onto a
phenyl Sepharose high-performance column (Amersham Phar-
macia) (0.2-ml bed volume/g of starting material). rwas detected
in the unbound fraction. This fraction was concentrated with
~20 kDa of polyethylene glycol powder. Once concentrated, the
sample was dialyzed against 5 mM Mes buffer, pH 6.8, contain-
ing 0.05 mM EGTA, lyophilized, and kept at —75°C until used.

In Vitro Hyperphosphorylation of 7. Hyperphosphorylation of re-
combinant T was performed by using 100,000 X g brain extract
from a 20-day-old rat as the source of protein kinase as described
previously (37). The reaction was carried out at 35°C in 60 mM
Hepes, pH 7.4/8 mM MgCl,/5 mM EGTA/2 mM ATP/2 mM
DTT/20 nM calyculin A/1 mM 4-[2-aminoethylamino]-
benzenesulfonyl fluoride (AEBSF, a serine protease inhibitor)
and from 0.1 to 1 mg/ml 7 protein and 1 ul of brain extract per
20 wl of the incubation mixture. After 2 and 8 h of incubation,
NaF (17 mM) and ATP (2 mM), respectively, were added. The
mol 3?P/mol 7 was calculated by using [y->P]ATP of a known
specific activity and, as control, the brain extract without
€xogenous T.

Self-Assembly of 7. The self-assembly of AD P-r was studied
incubating 0.4 mg/ml of the protein without treatment, treated
with AP or with endoglycosidase F/N-glycosidase F in 100 mM
Mes buffer, pH 6.9, containing 2 mM EGTA/0.5 mM MgCl,/1
mM AEBSF/2 mM DTT/20 nM calyculin A/17 mM NaF.
Following incubation for 90 min at 35°C, 10 ul of the incubated
sample was applied on a 300-mesh carbon-coated grid and
negatively stained with 2% phosphotungstic acid as described
previously (38). The self-assembly of all recombinant 7s (0.02—
0.333 mg/ml) and 7 constructs (0.5 mg/ml) was performed under
the same conditions of AD P-7 self-assembly and analyzed by
negative stain electron microscopy (NSEM). The self-assembly
of AD P-7, recombinant 7s, and constructs could be detected as
early as after 60 min of incubation. The self-assembly of
promoted by hyperphosphorylation was studied as above during
the phosphorylation reaction taking 10-ul aliquots of the reac-
tion mixture at different incubation times.

Deglycosylation and Dephosphorylation of AD P-7 and Protein and =
Assays. AD P-7 was deglycosylated with 4 units/ml endoglycosi-
dase F/N-glycosidase F (Boehringer Mannheim) as described
(9). Deglycosylation was detected by Western blots (4 ug/lane)
with lectin Galanthus nivalas agglutinin (GNA, detects termi-
nally linked mannose) and peanut agglutinin (PNA, detects
galactose-B(1-3)-N-acetylgalactosamine) according to the man-
ufacturer’s (Boehringer Mannheim) instructions. The dephos-
phorylation of AD P-rwith AP was carried out as described (39).
Protein concentration was estimated by the method of Bensa-
doun and Weinstein (40). Sample preparation and immunoblots
were carried out as described previously (41). The levels of
recombinant 7 isoforms and fragments and AD P-7 were deter-
mined by the radioimmuno-slot-blot method of Khatoon et al.
(21). Because mAb Tau-1 recognizes 7 only when it is not
phosphorylated at Ser-195/198/199/202, to detect AD P-, the
blots were pretreated with AP, 196 units/ml in 0.1 M Tris, pH
8.0/1 mM phenylmethylsulfonyl fluoride for 15 h before incu-
bation with the primary antibody.

Results

AD P-7 Self-Polymerizes into Tangles of PHF/SF Filaments. The in-
traneuronal concentration of 7, which is primarily expressed in
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neurons, is at least 100 wg/ml in normal brain, and this value is
severalfold increased in AD brain because of the accumulation
of the abnormally hyperphosphorylated 7 (see ref. 21). To test
whether human 7is able to self-polymerize, 0.4 mg of AD P-7/ml
(Fig. 1f) was incubated in 100 mM Mes buffer, pH 6.9, contain-
ing 2 mM EGTA/1 mM MgCl,/20 mM NaF/1 mM AEBSF for
90 min at 35°C, and examined on carbon-coated grids by NSEM.
AD P-r self-assembled into tangles of PHF mixed with SF (Fig.
la). The dimensions of these PHF were very similar to those of
AD PHEF: a wide part of ~20 nm, which narrowed to ~10 nm at
every ~80 nm. Within the bundles of PHF, some 4-nm proto-
filaments and SF of ~15 nm, similar to the SF in AD, were also
observed. The AD P-r also self-assembled into PHF/SF at pH
6.7, 7.0, and 7.5 (data not shown).

To determine the proportion of rthat self-assembles into these
filamentous structures, a sample of AD P-t was incubated as
above to induce assembly, and the aggregated protein was
separated from the nonaggregated protein by centrifugation at
100,000 X g for 15 min at 35°C. The amount of AD P-7 detected
in the soluble fraction by quantitative scanning of the blot
represented ~50% of the total AD P-7in the incubation system
(Fig. 1le). The amount of 7 detected in the soluble fraction plus
the insoluble fraction did not account for the original amount of
7 present in the system because a considerable amount of the
aggregated protein could not be monomerized by SDS, it partly
did not enter the gel, and it partly was seen as a smear (Fig. 1d).
The presence of a smear in SDS/PAGE is very characteristic of
AD PHF preparations (42). When the soluble fraction of AD P-7
was overloaded in the gel, no significant smear was detected.
These findings suggest that the interaction involved in the
self-assembly of AD P-tin vitro is similar to that of the 7in PHF.

Unlike normal 7, AD P-7 is glycosylated (9). We studied the
effect of hyperphosphorylation (5, 6) and glycosylation (9) on the
self-assembly of AD P-t into PHF/SF. AD P-7 was either
dephosphorylated with AP or deglycosylated with endoglycosi-
dase F/N-glycosidase F as described previously (9, 39), and the
dephosphorylated/deglycosylated protein was incubated to in-
duce self-assembly as above. The dephosphorylation of ADP-
was confirmed by Western blots developed with phosphoryla-
tion-dependent specific antibodies against dephosphorylated
(Tau-1) 7 and phosphorylated (PHF-1) 7 (Fig. 1g); deglycosyla-
tion of ADP-7 was confirmed by Western blots developed for
lectin GNA, which detects terminally linked mannose, and PNA,
which detects galactose-B(1-3)-N-acetylgalactosamine (Fig. 1g).
No filaments could be assembled from the dephosphorylated
AD-P-7 (Fig. 1b), whereas deglycosylated AD-P-7 was able to
self-aggregate into PHF/SF (Fig. 1c). The deglycosylated AD
P-7, however, differed from the untreated protein in having a
decreased tendency to form tangles and an increased tendency
of the 4-nm protofilaments to dissociate from PHF/SF. Previous
studies have shown that deglycosylation of AD PHF untwists
them, forming sheets of protofilaments (9).

Hyperphosphorylation Promotes Self-Assembly of 7 into PHF and SF.
Our above studies by using ADP-7 suggested that the abnormal
hyperphosphorylation might be sufficient to induce self-
assembly of 7into PHF/SF. To confirm the role of the abnormal
hyperphosphorylation in the self-assembly of 7, we generated all
six human 7 isoforms as recombinant proteins in E. coli, in vitro
hyperphosphorylated each purified recombinant 7 with the
protein kinases present in the normal brain extract, and studied
the self-assembly of these 7s. The 7 constructs used and purity of
the recombinant 7s are shown in Fig. 2 a and b.
Phosphorylation of each of the six 7 isoforms with rat brain
extract resulted in ~12-15 mol of phosphates per mol of the
protein during =24 h (Fig. 2c). This in vitro hyperphosphoryla-
tion promoted both the self-assembly of each of the six Tisoforms
and the lateral association of filaments into tangles (Fig. 3) The
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Fig. 1. In vitro polymerization of AD P-rinto tangles of PHF/SF and the
effects of dephosphorylation and deglycosylation. AD P-7, 0.4 mg/ml,
without treatment (a), dephosphorylated by AP (b), or deglycosylated by
endoglycosidase F/N-glycosidase F (c), was incubated for 90 min, and the
products of the assembly were examined by NSEM. Dephosphorylation, but
not deglycosylation, completely abolished AD P-r polymerization. Bar
represents 50 nm. (/Insets) PHF at higher magnifications. Arrows label
examples of 10-15-nm (straight) and 4-nm (arrowhead) filaments. (d) AD
P-7, 0.4 mg/ml, was incubated as above to induce assembly, and the
aggregated protein was separated from the nonaggregated protein by
centrifugation at 35°C and 100,000 x g for 15 min. The pellet (P) was
resuspended to its original volume, and equivalent samples of the original
mixture (O), the supernatant (S), and the pellet (1, 2, and 4X) were analyzed
by Western blots by using Tau-1 antibody and dephosphorylation of the
proteins on the blot with AP. (e) The amount (mean * SD of 4 values) of AD
P-7 present in the original and the supernatant fractions was quantitated
by scanning the immunoblots. (f) SDS/PAGE (10% gel) of AD P-7 and blot
of a lane from the same gel developed with Tau-1 antibody after dephos-
phorylation. One strip (8 ng of protein/lane) was stained with Coomassie
blue (C), and another strip (2 ng of protein/lane) was developed with Tau-1
antibody after dephosphorylation of the proteins on the membrane (B). (9)
For in vitro dephosphorylation and deglycosylation of AD P-7, aliquots of
AD P-7 were treated with (2) or without (1) the addition of AP to dephos-
phorylate (panels labeled 92e, Tau-1, and PHF1) or endoglycosidase F/N-
glycosidase F to deglycosylate (panels labeled GNA and PNA) the proteins
as described. The immunoblots were developed with 92e (dilution 1/5,000)
to detect the total amount of 7, Tau-1 (1/50,000) to detect dephosphory-
lated 7, and PHF1 (1/250) to detect phosphorylated 7. The increase in Tau-1
staining and decrease in PHF1 staining show dephosphorylation of AD P-7.
The immunoblots were developed with lectin GNA or PNA to detect
glycosylation. Decrease in the staining with the lectins shows deglycosyla-
tion of AD P-7 by the glycosidase.
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Fig. 2. Schematic of human 7 isoforms and 7 fragments, SDS/PAGE, and
phosphorylation. (a) The amino acid residue numbers are according to 7aa1,
(t4L). (b) Coomassie blue-stained patterns of the SDS/PAGE (10% gel) of
human 7 isoforms and fragments shown in a, 4 pg/lane, except constructs
T266-391 and T297-391, which were shown previously (36). Lanes 1, 74L; 2, 73L; 3,
74S; 4, 13S; 5, 74, 6, 73; 7, T4L1_392; 8, ™L244-441; and9, T4L67-441. (C) Time course
of incorporation of [32P]. T was hyperphosphorylated as described under
Materials and Methods. Similar incorporation was obtained with any of the six
7isoforms. The curve shows phosphorylation of 74L.

in vitro formed tangles were up to several micrometers in length
and contained both PHF and SF (Fig. 3a). The filaments formed
from the in vitro phosphorylated 7s were (i) straight ~2.5-4-nm
filaments, which in many cases established lateral interactions
forming bundles of PHF-like filaments, with a wide region of ~8
nm, a narrow region of ~4 nm and a twist length of 40-50 nm,
admixed with SF of about 10 nm in diameter (Fig. 3c); (ii)
PHF-like filaments, with a wide region of ~18 nm, a narrow
region of 6-10 nm, and a twist every 75-95 nm (Fig. 3 d and e);
(iif) SF of about 15 nm in diameter (Fig. 3g); and (iv) occasional
PHF- like filaments that were wider and had a longer periodicity
(Fig. 3f) than AD PHF.

The self-assembly of T was found to depend on the degree of
phosphorylation. No filaments were observed by NSEM when
less than 10 mol of phosphate per mol of protein were incor-
porated in 7 3L. When the phosphorylation reached a plateau
(about 15 mol of phosphate per mol of protein) further incuba-
tions of the phosphorylated 7 resulted in the increment of the
tangles of filaments. It seems that with the incubation time, the
4-nm protofilaments laterally associate into PHF/SF and tangle
(data not shown).

In AD, a mixture of the six 7 isoforms is found in PHF. When
a mixture of the six isoforms (0.1 mg/ml each) was hyperphos-
phorylated in vitro to a stoichiometry of ~15 mol of phosphate
per mol of protein, the most abundant structure that could be
found was tangles of PHF admixed with SF of ~8- and ~18-nm
width (Fig. 3k). Incubation of 7 with rat brain extract in the
absence of ATP (Fig. 3i) or in the presence of a nonhydrolyzable
analogue of ATP (AMP-PNP; Fig. 3b) used as controls did not
yield any filaments. These studies confirmed that hyperphos-
phorylation induced self-assembly of 7 into PHF/SF.
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Fig.3. The formation of tangles of PHF-like and SF from in vitro hyperphos-
phorylated . 7, 0.5 mg/ml, was incubated with rat brain extract in the presence
of ATP to induce hyperphosphorylation of 7 (a) or incubated with nonhydro-
lyzable ATP, AMP-PNP, as a control (b). T hyperphosphorylation (~12-15 mol
of phosphate per mol of protein) induced its self-polymerization into straight
and PHF-like (Inset) filaments (a), irrespective of the 7 isoform used for the
phosphorylation assay. The magnification bars in a and b represent 500 nm
and, in the Inset, 50 nm. Intertwining 4-nm filaments generate small PHF-like
structures (arrows) as follows: 74 (c); PHF, 73L (d); 7 protofilaments forming
PHF, 74S (e); 7 protofilaments forming bigger PHF, 74S (f); ~15-nm straight
filament, 73 (g); mixture of all six 7 isoforms hyperphosphorylated (h), and
Inset shows a PHF from the tangle formed; and control sample incubated
without ATP, 74S (/). Bars represent 40 nm in c-g and i, 200 nmin h, and 25 nm
in Inset.

Microtubule Binding Domain of 7 Is Able to Self-Polymerize, and the
Flanking Regions Are Inhibitory. Because 7 seems to self-assemble
by hydrophobic interactions and microtubule binding repeats R2
and R3inthe 4 R 7s and R3 in 3 R 7s have 8 structure, our above
studies led us to a hypothesis that the basic charges in the regions
flanking to the repeats are inhibitory and that the abnormal
hyperphosphorylation neutralizes these inhibitory regions. We
therefore examined whether self-assembly into PHF can be
achieved from the microtubule binding domains, i.e., repeat
regions alone, and whether flanking regions have any inhibitory
effect. To study self-assembly, 0.5 mg/ml 7 constructs 7,¢6_391 and
T297-301 (see Fig. 2a) were individually incubated in self-assembly
conditions and examined by NSEM. Both constructs were able
to self-assemble into PHF-like structures (Fig. 4 d and e) and
2.5-4-nm protofilaments (data not shown). However, neither 7
constructs Tras_441 and Tae7-441, Which only contained the car-
boxyl-terminal half of the molecule, nor 7i_392, which lacked the
carboxyl-terminal 49 amino acid residues, self-assembled into
filaments (data not shown).

Although the incubation of each of the six recombinant 7
isoforms with rat brain extract in the absence of ATP as the
phosphorylation control in the present study (see above) had
failed to reveal any formation of filaments, we investigated their
self-assembly by incubating of 0.02 to 0.333 mg/ml of each
individually in self-assembly conditions. We found that 4L
self-assembled into short PHF (Fig. 4a). These PHF had a wide
region of ~17 nm, a narrow region of 7 nm, and a twist every
70-90 nm. The structures formed were short (=~2-3 twists) and
grew longer (=~4-5 twists) with increase in incubation time from
1 h to 24 h examined (figure not shown). Rare or no filaments
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Fig. 4. Self-assembly of whole 7 and of microtubule binding region. Poly-
merization of 74L, 0.04 mg/ml (a), and the association of 74L with normal brain
7 (b) is shown; similar PHF with fuzzy coat were obtained when 4L was
coassembled with 73L, 73S, 73, 74S, or 74 (not shown). Acid and heat treatment
of 74L (0.04 mg/ml) inhibited the self-assembly of 7 (c). T constructs T266-391 and
T297-391 containing the microtubule binding region (0.5 mg/ml) were able to
polymerize into short PHF-like filaments, with twists every ~40 nm (d) or every
~80 nm (e); similar but several twists longer than those formed from 74L. Bar
represents 50 nm.

were detected using the other five 7isoforms. In the case of 73L,
only occasional PHF-like structures were formed (data not
shown). These findings suggest that the inhibition of the forma-
tion of PHF seeds in the phosphorylation control experiment
(see above) was probably due to interaction of 74L with one or
more proteins in the brain extract.

The effect of the addition of the other isoforms to 4L was
examined by incubating 74L with each one of the other risoforms
or with normal human brain 7. The association of 74L with other
7s also resulted in the formation of PHF-like structures. How-
ever, although these PHF remained short, they had a larger
diameter and appeared heavily decorated with a fuzzy coat
around the filaments (Fig. 4b). The width of the filaments was
increased from 16.6 = 2.3 nm to 19.7 = 2.1 nm. These results
suggested that the longest human t isoform, 4L, is able to
self-assemble into PHF-like seed structures.

Previous studies had failed to self-assemble Tunder conditions
where the concentration of the 7 used was physiological or no
other cofactors were required. In these cases, 7 had been purified
by different methods and usually making use of its acid and/or
heat stability (23-25, 27, 29). To address this discrepancy be-
tween our results and those reported previously, we investigated
the effect of exposing 7 to low pH and heat; 7 isolated by these
treatments is known to be biologically active in promoting
microtubule assembly (e.g., see refs. 39 and 43). One aliquot of
4L was made pH 2.7 with HCI and heated in boiling water for
5 min (5). After heating, the sample was cooled down and
adjusted to pH 6.9 with the addition of NaOH. The treated and
untreated samples were incubated to promote the self-assembly.
The untreated 7 was able to polymerize (Fig. 4a), whereas the
one acid and heat-treated lost the ability to polymerize into
PHF-like structures (Fig. 4c). Acid (pH 2.7) treatment of AD P-r
also inhibited its ability to self-assemble into filaments (data not
shown). These findings suggest that the conformation of 7 is
altered with acid and heat treatment in a way that the ability to
self-assemble is lost. Like the hyperphosphorylated 7 (see
above), the ability of 4L to polymerize into PHF-like structures
does not seem to be modulated by the sulfhydryl linking of
cysteine in the molecule because these structures were also seen
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when 2 mM B-mercaptoethanol was added to the incubation
system (figure not shown).

Discussion

Neurofibrillary degeneration is pivotally involved in the patho-
genesis of AD and other tauopathies. In every tauopathy known
to date, the neurofibrillary changes are made up of abnormally
hyperphosphorylated 7 (for review, see ref. 15). Ever since the
discovery in 1986 of the abnormal hyperphosphorylation of 7 in
AD brain and the subsequent aberrant 7 as the major protein
subunit of PHF/SF (5, 6), understanding the role of the abnor-
mal hyperphosphorylation of 7 in neurofibrillary degeneration
has been a major goal of research on the biology of AD and
related tauopathies. The present study shows (i) the AD P-7 can
self-assemble into tangles of PHF/SF and that this assembly is
abolished by dephosphorylation but not by deglycosylation; (ii)
as in AD P-7, the hyperphosphorylation induces the self-
assembly of all six human brain 7 isoforms into tangles of
PHF/SF under physiological conditions of protein concentra-
tion, ionic strength, pH, temperature, reducing conditions, and
the absence of any cofactor; and (iii) of all of the six isoforms,
only 7L and 7 constructs containing the microtubule binding
domains 7266-391 and 7297-391 in unphosphorylated state can
self-assemble into short PHF.

Of the six human brain 7 isoforms, only 7L could self-
assemble into short PHF (~2-3 twist length) without hyper-
phosphorylation. The self-assembly of 7 induced by its hyper-
phosphorylation appeared different from that of
unphosphorylated 4L into PHF. No protofilaments could be
detected in these PHF seeds, and no SF/protofilaments were
observed in these preparations. Coassembly of 4L with any one
of the remaining five 7 isoforms did not elongate and resulted
only in a fuzzy coat on these filaments. In contrast, hyperphos-
phorylation induced self-assembly of all six human brain
isoforms into PHF/SF, which were several microns in length, and
like AD PHF (see ref. 38), they were made from ~2.5-4-nm
protofilaments. Furthermore, similar to AD neurofibrillary tan-
gles (see refs. 44 and 45), the tangles formed in vitro from the
hyperphosphorylated 7 contained (in addition to PHF) filaments
of different morphologies (i.e., ~2.5, 4, 10, and 15 nm of SF) and
twisted ribbons and sheets. These findings, plus the fact that AD
PHF contains all six 7 isoforms and in the abnormally hyper-
phosphorylated state, suggest that PHF/SF seen in AD are in all
likelihood predominantly products of self-assembly of rinduced
by its hyperphosphorylation. This is further supported by the
finding that AD P-7 can self-assemble and that this capacity is
lost upon dephosphorylation. Given the high affinity of 7 (Kg
~100 nM) to microtubules (46) and more than 10-fold excess of
tubulin than 7 that exists in the brain, practically all 7in neurons
is probably bound to microtubules. In normal neuron, 7 is seen
bound only to microtubules and not self-aggregated into fila-
ments. The contribution of the self-assembly of unphosphory-
lated 4L into PHF seeds is thus less likely, but it cannot be ruled
out. Certain intronic mutations 5’ to exon 10 in 7 gene in some
inherited cases of FTDP-17 have been reported to selectively
result in overexpression of 4R7s (17). In such cases, ™L on
hyperphosphorylation might lead to acceleration of assembly
into PHF and their lateral association into neurofibrillary tangles.

7 is an unusual protein that has long stretches of charged
(positively and negatively) regions that are not conducive for
intermolecular hydrophobic association (47). Of the four micro-
tubule binding repeats in 7, the predicted amino acids having
B-structure are concentrated in R2 and R3 (33) and can self-
assemble into filaments in vitro; R2 and R3 have also been shown
to coassemble with heparin into PHF (48). It is likely that the way
the charged regions are located, the rest of the molecule has an
inhibitory effect upon the self-polymerization of 7. Of all of the
tisoforms, this inhibitory effect seems to be the least in 74L. The
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N-terminal inserts are highly acidic, and the presence of these
inserts markedly neutralizes the basic charge of 7. For instance,
the theoretical isoelectric points of 74, 74S, and 4L, respectively,
are 9.46, 8.96, and 8.24. The presence of the extra repeat, the R2,
and the two N-terminal inserts probably promotes the intermo-
lecular hydrophobic interaction in 4L sufficiently to result in its
self-assembly into PHF, and hyperphosphorylation further en-
hances this process. The abnormal hyperphosphorylation that
occurs in AD and other tauopathies neutralizes the basic inhib-
itory charge of 7. Most of the sites at which 7 is hyperphospho-
rylated flank the microtubule binding domains (see refs. 49 and
50). Neutralization of basic charge by hyperphosphorylation in
these flanking regions probably neutralizes their inhibitory
effect and allows 7 to self-assemble into filaments. However, the
nature of the neutralization by the two N-terminal inserts and
that by the abnormal hyperphosphorylation is most likely dif-
ferent, as evidenced by the formation of filaments with different
morphologies.

The types of filaments that resulted from the self-assembly of
hyperphosphorylated 7s suggest that PHF are most probably
formed from ~2.5-4-nm protofilaments. These protofilaments,
which were coiled structures, might form by lateral association
either SF of ~8-15 nm (from 2-6 protofilaments) or sheets
(from n protofilaments), or, because of the tension of the coils,
intertwine individually (PHF with half dimensions) or in pairs
(regular size PHF) to form PHF. PHF of ~16 nm in width (which
narrowed to ~8 nm) and of half these dimensions observed from
hyperphosphorylated 7s in the present study are similar to those
described from AD brain (44, 45).

The in vitro assembly of PHF from various 7 isoforms by the
addition of polyanionic cofactors such as heparin, heparan
sulfate (28, 30), tRNA (29), or polyglutamate (51) reported
previously might have involved the neutralization of the basic
charge of s by these reagents. However, unlike the self-assembly
induced by the hyperphosphorylation of 7 in the present study,
the coassembly of 7 with polyanions is very slow, and neither
lateral association of filaments into tangles nor presence of any
protofilaments has been reported. Interestingly, unlike the
present study and in AD and other tauopathies in which 7in PHF
is always abnormally hyperphosphorylated, phosphorylation had
been reported to inhibit the coassembly of = with polyanions into
PHF (52). Thus, it seems that the PHF in AD and other
tauopathies are not a product of coassembly of rwith polyanions.

In the normal neuron, 7 is seen mostly as bound to microtu-
bules and not as self-aggregated into filaments. In AD, FTDP-17,
and other tauopathies, 7 is released from microtubules most
likely upon abnormal hyperphosphorylation, resulting in their
disassembly. On the one hand, the released hyperphosphory-
lated 7, which is resistant to proteolysis (53), sequesters the
normal 7, causing inhibition of assembly and the disassembly of
microtubules (39, 54). On the other hand, 7 self-assembles
because of its hyperphosphorylation into PHF/SF. 7 self-
assembles probably by intermolecular hydrophobic interaction
(55) and through its microtubule binding repeat R3 (in the case
of 3R7s) and R2 and R3 (in the case of 4R 7s), but only when the
rest of the molecule (i.e., amino-terminal and carboxyl-terminal
regions flanking the repeats, which are inhibitory) are neutral-
ized. In AD and other tauopathies, these inhibitory regions are
neutralized by abnormal hyperphosphorylation. Thus, the ab-
normal hyperphosphorylation of r is critically involved in neu-
rofibrillary degeneration in AD and other tauopathies. Inhibi-
tion of these processes might arrest AD, FTDP-17, and related
tauopathies.
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